2020 2021

Development of Gas-Responsive Porous Magnets via Host-Guest Charge Transfer
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i o We demonstrated a guest-responsive porous magnet that is a paramagnet on 12
adsorption (with its magnetism ‘ switched off’ ) and converts into a antiferromagnt on 12 desorption
(with its magnetism now ‘ switched on’ ) via host guest electron transfer.
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shorter organic linkers are generally  Figure 1. Schematics of host-guest charge transfer strategy
towards the control of magnetism in magnetic metal—organic

associated with stronger magnetic
frameworks.

coupling but consequently smaller

porosity. The reversible magnetic change in porous magnets caused by guest accommodation has so far
been observed via 1) structural modification, [2-3] 2) spin meditation of oxygen, [4] and 3) electronic state
modulation. [5-6] These provide versatile approaches to achieve switchable magnetic change. If the guest
directly interacted with the host framework via the charge transfer, it may fundamentally produce a huge
magnetic change. From this perspective, we herein propose a proof-of-concept study, i.e. host—guest charge
transfer (HGCT), utilizing electron—acceptor guest accommodation (e.g. Oz, NO, I,) to achieve reversible
magnetic phase switch in magnetic metal—organic frameworks (MOFs) (Figure 1). The proposed HGCT
strategy will not only pave a new path toward the development of magnetic phase-switchable porous

magnets but also bring prosperous applications as the gas sensor or memory storage.
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The objective of this proposal aims to propose a new HGCT strategy to fundamentally realize a
large magnetic change in magnetic MOFs by electron—acceptor gas. To realize the HGCT may rely on
1) the formation of strong host—guest interaction (e.g. cooperative bonding or charge transfer) and 2)
electron—acceptor guest (e.g. Oz, NO, I,). This project, which involves the use of HGCT for magnetic
change, has the potential to achieve magnetic phase switches and enable the development of a new
form of porous magnets. Despite the fact that the HGCT has been widely employed to regulate various
functions for selective sorption, electrical conductivity, luminescence, and spin state, a change in the
magnetic phase, has, surprisingly, never been reported to date.
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To this end, I have concentrated on a class of layered magnetic MOFs combining carboxylate-bridged
paddlewheel-type diruthenium (ILII) complexes ([Rux*"]) and 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ), in which the [Ru,™"] units and redox-active linkers such as TCNQ"~ or TCNQ?" units can perform
as electron donors for the realization of HGCT using high-affinity guest molecules (e.g. Oz, NO, and I,
Figure 1). The single-crystal structures under the gas atmosphere have been measured by homemade
measurement apparatus with the connection components between the gas supply equipment and single-
crystal X-ray diffraction (SCXRD). Furthermore, the dynamical interaction between host framework and
guest molecules has been verified via a variety of in-sifu techniques such as magnetic measurement, IR

spectroscopy, Raman spectroscopy, and powder X-ray diffraction (PXRD) measurement.
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With adequate building blocks, MOFs can combine magnetic ordering and porosity. This makes MOFs
a promising platform for the development of stimuli-responsive materials that show drastically different
magnetic properties depending on the presence or absence of guest molecules within their pores. Here we
report a COp-responsive magnetic MOF, [{Rux(F3PhCO,)4},TCNQ(OEt),] (F;PhCO,, 2,4,6-
trifluorobenzoate; TCNQ(OEt), = 2,5-diethoxy7,7,8,8-tetracyanoquinodimethane), that converts from
ferrimagnetic to paramagnetic on CO> adsorption, and returns to the ferrimagnetic state on CO; desorption
(Figure 2). [7] The ferrimagnetic material is a layered MOF with a [D*~A™—D] formula (Figure 2), produced
from the reaction of trifluorobenzoate-bridged paddlewheel-type diruthenium(Il) clusters as the electron
donor (D) with diethoxytetracyanoquinodimethane as the electron acceptor (A) (inset of Figure 2). On CO,
uptake, it undergoes an in-plane electron transfer and a structural transition to adopt a [D—-A-D]
paramagnetic form (Figure 2). This magnetic phase change, and the accompanying modifications to the
electronic conductivity and permittivity of the MOF, are electronically stabilized by the guest CO;

molecules accommodated in the framework.
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Figure 2. Field-cooled magnetization curves at H¢. = 100 Oe of the CO»-responsive magnetic MOF
within (blue) and without (black) COs in their pores; inset: crystal structure of the magnetic MOF
within CO,.

Changing nonmagnetic materials to spontaneous magnets is an alchemy-inspiring concept in materials

science; however, it is not impossible. Here, we demonstrate chemical modification from a nonmagnet to a
bulk magnet of either a ferrimagnet or antiferromagnet, depending on the adsorbed guest molecule, in an
electronic-state-flexible layered MOF, [{Rux(2,4-F,PhCO,)4},TCNQ(OEt),] (1; 2,4-F.PhCO, = 2,4-
difluorobenzoate; TCNQ(OEt), = 2,5-diethoxy7,7,8,8-tetracyanoquinodimethane) (Figure 3a). [8] The
guest-free paramagnet 1 undergoes a thermally driven intralattice electron transfer involving a structural
transition at 380 K. This charge modification can also be implemented by guest accommodations at room
temperature; 1 adsorbs several organic molecules, such as benzene (PhH), pxylene (PX), 1,2-dichloroethane
(DCE), dichloromethane (DCM), and carbon disulfide (CS;), forming 1-solv with intact crystallinity. This
induces an intralattice electron transfer to produce a ferrimagnetically ordered magnetic layer (Figure 3b).
According to the interlayer environment tuned by the corresponding guest molecule, the magnetic phase is
consequently altered to a ferrimagnet for the guests PhH, PX, DCE, and DCM or an antiferromagnet for
CS; (Figure 3b). This shows the first demonstration of the postsynthesis of bulk magnets using guest-

molecule accommodations.
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Figure 3. (a) Crystal structure of paramagnetic compound 1. (b) Temperature dependence of ¥
measured at 100 Oe of 1 (black), 1-CS:z (blue), 1-DCE (green), 1-DCM (cyan), 1-PhH (red), and 1-
PX (orange).

Host—guest electron transfer (HGET) in molecular framework systems, such as MOFs, is a critical
trigger for implementing drastic changes in both the host framework and the guest, and can enable possible
modulation of the electronic and magnetic properties of frameworks. Post-synthetic incorporation of redox-
active guests into redox-active MOFs is a fascinating strategy for achieving guest-driven reversible HGET.
However, demonstrating a reversible phase change related to magnetic and electronic long-range ordering
remains incredibly challenging. In this study, an HGET-induced magnetic phase change was determined in
a porous magnetic layered MOF, [{Ru2(2,6-F.PhCO,)4}(BTDA-TCNQ)] (2), where 2,6-F,PhCO,™ and
BTDA-TCNQ represent 2,6-difluorobenzoate and bis[1,2,5]dithiazolotetracyanoquinodimethane,
respectively. [9] The guest-free form 2 with an antiferromagnetic ground state transformed into a
paramagnet, [{Ru2(2,6-F,PhCO,)s}2(BTDA-TCNQ)]Is (2-13), by adsorbing iodine (I2) (Figure 4). The local
charge distribution of [{Ru,""} *-(BTDA-TCNQ) —{Ru,""}] in 2 was modified to [ {Ru,*"}*-(BTDA-
TCNQ)*—{Ru,""}1(I57) in 2-I3 through HGET, according to the following route: BTDA-TCNQ"™ + 3/2(1,)
— BTDA-TCNQ? + I5". This change was reversible via crystal-to-crystal transformation induced by heating
2-13. Theoretical calculations based on structural data of 2-13 indicated a partial charge delocalization as
[{Rup} 9" (BTDA-TCNQ)’—{Ru,}%*](I3") with & = 0.2, aided by weak ferromagnetic coupling. Notably,
2-13 exhibited a hundred-fold enhancement in electrical conductivity compared to that of 2, indicating
hopping electronic transport via inter-valence [Ru,]®9* and [Ruz]®* units. The regulation of magnetism
and electrical conductivity via HGET, which was demonstrated for the first time in this study, can facilitate
the design of new porous magnets.
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Figure 4. (a) Connolly surface diagram of 2-I. (b) Field-cooled magnetization curves at Hy¢. = 100 Oe
of 2 (white) and 2-Is (yellow).
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